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Abstract: Bioactive glasses have developed into a variety of items that are used in order to treat
a wide range of medical problems. Apart from being mostly applied in the healing processes of
hard tissues, bioactive glasses are becoming very popular materials in soft tissues healing. Bioactive
glasses have exhibited the ability to accelerate skin regeneration by enhancing angiogenesis and
collagen deposition in the proliferation stage, as well as positive effects on all the other important
stages of wound healing. They can adhere to hard tissues such as bone and aid in the regeneration
of those tissues by forming a calcium-phosphate-like layer on their surfaces. The formation of this
apatite layer results in a linkage between the hard tissue and the glass, which further leads to bone
healing. This short review summarizes the dynamic process of wound healing along with the basic
concepts of bioactive glasses applied in this domain. We aimed to explore constructs which aid
different phases of wound healing. Moreover, several research studies dedicated to bioactive glass
thin films are briefly discussed.
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1. Introduction

Either of natural or synthetic origin, biomaterials are used to repair damaged tissues or
to restore biological functions in different branches of the regenerative medicine domain [1].

In the 50 years since the first report of silicate-based BG by Hench et al. in 1971, the
key features of BGs (bioactivity, osteoconduction, and osteostimulation) as bioactive systems
suitable for hard tissue repair have been well established by numerous scientific works [2-6].
Bioactive glasses (BGs) are silicate-based inorganic materials, typically composed of Na,O,
5i0,, CaO, and P,0s5, which bring unique features to many biomedical applications. With the
fabrication of 45S5 BG (consisting of the following ingredients: 45 SiO,, 24.5Na,0O, 24.5Ca0O,
and 6P,05 (wt%)), a large number of BGs based on silicate, phosphate, and borate have been
conceived [7].

In simulated body fluid (SBF), a layer of carbonated hydroxyapatite (CHA), a phase
chemically and physically comparable to the mineral segment of the bone, forms an
interface that connects with tissues.

Nowadays, the applicability of BG translated from their use in hard tissue to soft tissue
regeneration and wound healing. These multifunctional materials have the capacity to
release therapeutic ions in the wound media that target many stages of the wound healing
cascade. Glass networks can incorporate and release different ions, such as Ag, Ca, Ce, Co,
Ga, Mg, Se, Sr, and Zn [8].

High potency hemostatic and antibacterial qualities, as well as many biological effects
on cell processes, are all characteristics of BGs and their dissolution products (e.g., Si,
Ca, P), which make them useful in wound healing applications [9,10]. BGs have recently
been employed to treat wounds and have demonstrated enormous promise in the field of
cutaneous wound healing [9,10].
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Numerous research studies have investigated how BGs affect cells involved in tissue
healing. Accordingly, BGs not only encourage fibroblast migration but also up-regulate
growth factor release and extracellular matrix synthesis [11]. Additionally, it has been
shown that BGs can polarize macrophages toward the M2 phenotype, which modifies the
inflammatory responses that occur during wound healing [12,13]. In order to increase
neovascularization, BGs can also activate human umbilical vein endothelial cells (HUVECs')
gap junction and encourage the expression of angiogenic genes in those cells [14]. In
addition, it is assumed that BG may be able to modify the barrier functional behaviors of
keratinocytes because the soluble ions released can activate diverse signal transduction
pathways in cells [15].

The number of papers mentioning BGs has increased significantly since their debut.
The glass structure, dissolution kinetics, biology, and composites, thin films and coatings,
scaffolds, etc., have all been the subject of substantial research. A Scopus and Web of
Science search of articles with “bioactive glass” in the title, beginning in 1971, yields
more than 5070 results (Figure 1a). The same search of articles by title was applied to
Web of Science and the number of results was 4582. Of the total number of articles,
more than 200 were review papers. Refining the article search using different keywords
gives us an insight into which areas BGs receive more attention. Articles which refer to
“bone” received the most results, with over 1200 publications. Articles which reference
“bone regeneration” (~620 articles) represent almost half of articles referencing “bone”.
In contrast, when refining the articles for “wound healing”, the results showed more
than 150 articles. The refining for “tissue regeneration” gave us 409 articles. Figure 1b
provides an insight into the top keywords associated with BGs in the scientific literature
and shows the literature refinement for some subcategories which we considered to be
useful for our present manuscript.
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Figure 1. (a) Publications since the invention of bioactive glass by Larry Hench. (b) Article refinement
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in Scopus showing the distribution of articles referring to given subcategories.

In this short review, we aim to discuss the fundamental concepts of BGs as well as the
dynamic process of healing damaged tissues. We present how BGs actively contribute to
the regeneration of both soft and hard tissues during healing. Lastly, studies that have used
BGs in applications for wound healing are briefly reviewed, and potential developments in
this area are discussed.

2. BGs in the Physiological Media of the Human Body

Leaching, dissolution, and precipitation are the three main processes which take place
when BGs are submerged in an aqueous solution. Leaching happens when alkali or alkaline
earth elements are released, typically by cation exchange with H" or H30*. Ion exchange
happens because these cations do not make up the glass network and merely alter it by
creating non-bridging oxygen connections. In the case of silicate BGs, -5i-O-5i-O-5i bonds
are broken during network dissolution by the action of hydroxyl (OH-) ions. Then, the
silica is locally released into the solution. After this step, a deposit of silica-rich gel is
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formed as an outcome of the hydrated silica (SIOH) which forms on the glass. A calcium-
phosphate-rich (CaP) layer is shaped on the surface of the glass during the precipitation
step by the release of calcium and phosphate ions from the glass as well as those from
the solution. The bioactivity of BG and the nucleation and subsequent production of an
apatite layer are attributed to the phosphate species’ solubility [16]. This property has
prompted a recent major surge in studies dedicated to the use of BGs in soft tissue repair,
along with research results that have strongly implied the significance of controllably
released ions in soft tissues and their biological functions [17,18]. Through their dissolution
function and release products, BGs can stimulate and improve cellular activity in tissue
regenerative processes (released ions, induced biomineral precipitation) [7]. In particular,
depending on the kind and concentration of the released ions, several biological processes
such as osteogenesis and angiogenesis, as well as antimicrobial and anti-inflammatory
effects, can be induced [18]. In addition to the dissolving products, the morphology, surface
topography, and chemistry of BGs can regulate some cellular activities, which can further
impact tissue regeneration and therapeutic results [19].

Despite the fact that silicate-based BGs such as 4555 and 13-93 (composition:
53510,-20Ca0-6Na, 0-12K,0-5MgO0-4P,05 in wt%) have been successful in many
therapeutic applications, they also seem to have limits in terms of degradation time.
First, CaP conversion is incomplete [20]. Additionally, applications for wound healing
need faster solubility. In in vivo experiments, it was observed that 45S5 slowly converts
to HA, while 13-93 at an even slower rate. The potential for 4555 to crystallize after
heat treatments is another drawback, making it challenging to produce nanocrystalline
45S5-based 3D scaffolds and fibers [21].

Due to the limitations of silicate-based BGs, other types of BGs have been developed.
One of these materials is phosphate-based BGs, which offer a wide solubility range which
may be predicted and controlled by varying the glass composition [22]. Compared to
silicate-based BGs, the phosphate ones promote faster solubility speeds [23]. Their dissolu-
tion rates are ascribed to the hydrolysis of soluble P-O-P bonds and ion leaching of cationic
modifiers. These processes can be regulated by modifying the structure and composition
(e.g., the quantity of P,Os) [24]. Phosphate-based BGs can entirely dissolve in aqueous
environments, permitting their contents to be liberated as ionic components. The majority
of these constituents, PO,3, Ca?*, Mg?*, Na*, and Fe3*, are already present in significant
amounts in the human body in the form of ionic species [25].

For cutting-edge biomedical applications, phosphate-based BGs (PBG) may be used
alone or in a biodegradable matrix due to their unique material features. For instance, PBG
could be used as a therapeutic platform by including different dopants within its structure,
with a view to stimulating or increasing particular biological activities after release [26,27].

Recently, borate BGs have entered into the class of most-appreciated materials to be
used for the repair of bone defects. Borate BGs are produced by replacing network silica
ions with boron ions in the glass network [21]. By dissolution—precipitation mechanisms,
similar to those for the case of silicate glasses, borate BGs are transformed into HA without
the production of a layer rich in silica [28]. 13-93B3 borate glass, for instance, degrades
faster than silicate glasses and transforms almost completely into HA [29]. Applications
for borate BGs include the hard tissue regeneration, the treatment of wounds, and the
engineering of nerve tissue [30].

Aside from the fact that BGs have been extensively investigated and used in the fields
of bone repair and regeneration, there has been little research on the use of BGs to repair or
regenerate soft tissues.

3. BGs in Tissue Healing
3.1. BGs in Soft Tissues Healing
3.1.1. Soft Tissues Healing

Under normal medical circumstances, the body’s natural regeneration process involves
four overlapping stages: hemostasis, inflammation, proliferation, and tissue remodeling [31,32].
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The epidermis, specifically the stratum corneum and tight junctions (T]s) between keratinocytes,
is where the skin’s barrier function is located [33].

The stratum corneum, or “corneocytes”, is the epidermis’ outermost layer and is
composed of terminally developed enucleated keratinocytes. To help against dehydration,
poisons, and germs, the enucleated keratinocytes of the stratum corneum assemble into a
brick-and-mortar construction within a lipid-rich extracellular matrix. The treatment of
oral and cutaneous ulcers, as well as surgical, traumatic, and chronic wounds, are just a
few of the many therapeutic applications that fall under the umbrella of wound healing.
Moreover, TJs, which are made of cytosolic plaque proteins called zonula occludens and
transmembrane proteins, extend from adjacent keratinocytes to create paired strands
that shut the paracellular channel, preventing the flow of chemicals via the intracellular
space [34]. Vasoconstriction, platelet aggregation, and blood coagulation stop bleeding
quickly in a process known as hemostasis. An up-to-four-day period of inflammation
follows, during which immune cells are enlisted to fight infection and promote capillary
formation [35].

The body’s natural attempt to control bleeding is called hemostasis and it is achieved
by vascular constriction, platelet plug formation, and coagulation. Intrinsic and extrinsic
routes start the intricate enzymatic process of coagulation. These come together to form a
stable blood clot along a shared channel [36]. Hemostatic dressings (hemostats) can assist
in achieving hemostasis during surgical operations. Numerous commercially available
biomaterial-based hemostats are being created to improve hemostasis, such as AristaTM
(Bard Davol Inc., Rhode Island, RI, USA).

The inflammatory phase is crucial to wound healing since it greatly influences how
things progress. The inflammatory phase occurs at the very beginning of wound healing
and typically lasts from one hour to seven days following the injury. Different cell types,
including monocyte, neutrophil, and macrophage, are involved in the inflammation phase
and have the ability to secrete a variety of cytokines and chemokines [37].

Inflammatory cytokines are crucial for the immune system’s response because they
control immune cell infiltration, regulate the immunological response, and contribute to
angiogenesis. Macrophages often have two different phenotypes of activation: (i) M1
(classically activated) and (ii) M2 (alternatively activated) [38]. While M2 macrophages
are engaged in debris scavenging, tissue remodeling, and the resolution of inflammation,
M1 macrophages have the ability to kill microbes and can emit large quantities of pro-
inflammatory cytokines [38]. Macrophages play an important role in the vascularization by
generating important angiogenic factors: vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), and transforming growth factor-f3 (TGF-f3).

Additionally, macrophages have the ability to secrete a range of chemokines, cytokines,
and proteases that can draw endothelial cells, fibroblasts, and keratinocytes to wound sites,
where they can then induce angiogenesis, collagen production, and the development of
granulation tissue [38]. Activated macrophages communicate with mending cells such as
fibroblasts and endothelial cells in a paracrine manner, which is why the healing of wounds
depends not only on the activity of macrophages but also on these connections [38].

Several processes, such as re-epithelialization, angiogenesis, fibroblast production,
and the creation of extracellular matrix (ECM) components, which result in the formation
of granulation tissue and wound contraction, occur during the proliferative phase [39].

Remodeling, the last phase of wound healing, lasts for several months and is characterized
by a continually low rate of collagen formation, deconstruction, and reorganization [40].

Nevertheless, in patients with weakened immune systems, a variety of factors play a
role in the slow healing, which leads to chronic wounds, such as ulcers in diabetic patients,
who are constantly at danger of inflammation and frequently fatal infections [41].

In order to promote healing, it is necessary to speed up blood coagulation, prevent in-
fection, and promote vascularization because these three factors are crucial for determining
whether healing is successful.
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Ionically-doped BGs can speed up these processes since many different metallic oxides
can be added to the glass network to change its chemical and physical characteristics.
Their subsequent ionic release as a result of glass dissolution in biological settings can
provide hemostatic attributes (e.g., Ca®* [42]) and antimicrobial properties (e.g., Ag™ [43]
and Cu?* [44]).

There are many interesting review articles which cover the physiology of wound
healing [32,37,45].

3.1.2. BGs Formulations Applied in Soft Tissues Healing

BGs’ capacity to promote angiogenesis may offer a potent substitute for the pricey
growth factors currently used to encourage the neovascularization of damaged tissues. BGs
have recently been employed to treat wounds and have demonstrated enormous promise
in the field of wound healing; certain BG formulations can be applied to help increase the
healing rate by aiding the stages involved in wound healing (Figure 2). A list of the BG
compositions, synthesis routes, and the results of the studies are provided in Table 1.

Bioactive glass ——»

¥

Dissolution _— g -
products - ®

Wound healing stages

Haemostasis Inflammation  Proliferation = Remodeling

ee%%

Figure 2. Schematic representation of various BG dissolution products and their involvement in

different stages of wound healing.

Numerous research works have investigated how BGs affect and mitigate cells involved
in wound healing. According to studies, BGs not only encourage fibroblast migration but also
up-regulate growth factor secretion and ECM synthesis [11], together with genes expression
linked to wound healing. Examples include CD44 antigen hematopoietic form precursor,
fibronectin receptor beta subunit, fibroblast growth factor receptorl precursor (N-sam), VEGF
precursor, and vascular cell adhesion protein 1 precursor (V-CAM 1) [46].

In the proliferation phase, fibroblasts and endothelial cells multiply and migrate.
Fibroblasts secrete angiogenic growth factors such as basic fibroblast growth factor (bFGF)
(powerful mitogen and chemoattractant for fibroblasts and endothelial cells) and VEGF
in the same stage [39]. A new ECM is produced by fibroblasts, in addition to secreting
angiogenic growth factors, in order to boost cell development and create a granulation
tissue bed for macrophages and new capillaries [39]. Additionally, fibroblasts can develop
into myofibroblasts in the latter stages, which are in charge of excessive ECM deposition
and wound contraction [39]. Consequently, fibroblasts and the growth substances they
release are crucial [39].
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Table 1. Different BG compositions considered for wound healing.

BG Composition Form Obtaining Method Experimental Conditions Outcomes of the Study Ref.
BG ionic dissolution products could activate
fibroblasts through up-regulating the secretion of
In vitro on human dermal bFGF, VEGF, and EGF and increasing the production
BG having SiO,, Na,O, CaO, BG activated skin tissue Cell sheet technolo fibroblasts (HDFs) of collagen I'and fibronectin in the fibroblast EéM’ as [11]
and P,Os5 engineering graft 8y In vivo on female nude mice well. as stlmglatlng the migration of fleoblasts, )
(BALB/c) In vivo studies showed that the BG-activated skin
tissue engineering grafts could stimulate
angiogenesis, enhance collagen deposition, and
accelerate wound contraction.
585 45% Si05, 24.5% NayO, Sol-gel Melt-derived The Th il h h of lati
24.5% CaO, 6% P,0s5) and Particles (diameters < 53 um)  ointments were prepared In vivo on normal and diabetic he particles promote the growth of granu/ation [46]
4585 (58% Si05, 33% CaO, Ointments by mixing BGs powders Sprague-Dawley (SD) rats tissue and stimulate two growth factors, VEGF and
9% P70s) with melted Vaseline FGE2, respectively.
BG has a dose-dependent impact on macrophage
In vitro mouse macrophages polarization, viability, and proliferation;
(RAW 264.7 cells) phag The BG particles promote the M1-to-M2 phenotype
Sol-gel In vivo on healthy and diabetic switch of me}crophag.es.; ) [13]
BG having 60% SiO5, 36% Particles SD rats The BG particles exhibited chemotaxis to
CaO, and 4% P,05 macrophages without obvious correlation with
their concentration.
In vitro on Human Neonatal BG increases the TEER of keratinocyte monolayers,
Sol-gel Foreskin Epidermal induces joint keratinocyte movement, and decreases [14]
Keratinocytes paracellular permeability.
In vitro studies indicated that BG ion extracts
. . prevented HUVECs death following hypoxia,
géi;lgg (f (iﬁ_elﬁgllizlﬁmblhcal appearing to block hemichannel opening;
Powder (HUVECs) In vivo results showed that BG treatment on skin [47]
In vivo on four-week-old wounds could reduce inflammation and Cx43
male rats expression in the wound site at day 2 but increase
4585 Cx43 and stimulate vascularization at day 12,
resulting in enhanced wound healing.
. BG affects polarization and growth factor secretion of
Powders with the average gg{;é%gr;ﬁ XDZS%ZI’IS macrophages and further stimulates vascularization [12]

diameter of about 20 um

In vivo on rats

of endothelial cells and the synthesis of extracellular
matrix protein of fibroblasts.
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Table 1. Cont.

BG Composition

Form

Obtaining Method

Experimental Conditions

Outcomes of the Study

Ref.

BG having
6Nay O-8K,0-8MgO-22Ca0O-
185i02—36B203-2 205-631‘0

Copper-doped BG fibers and
poly(lactic-co-glycolic acid
BG dressing

Melt-derived

In vitro on HUVECs and
fibroblasts
In vivo on S-D rats

The dressing was proven to be to be an ideal interface
of the organic—inorganic mixture and a controlled
release system for Cu?*;

In in vitro settings, the ionic dissolving product from
the dressing exhibits improved HUVEC movement,
tubule formation, and VEGEF secretion capacities, as
well as greater levels of angiogenesis-related gene
expression in fibroblasts;

The use of the dressing in in vivo also suggested a
significant improvement in epithelialization of
wound closure and an obvious enhancement in vessel
sprouting and collagen remodeling.

(48]

4555 and 13-93B3

Particles
Nanoglue

Liquid-feed flame
spray pyrolysis

In vitro on human erythrocytes

BG showed extraordinary procoagulant properties
and adhesive properties.

[49]

BG

Granules containing Ag

Sol-gel

In vitro on 1.929 cells and E. coli
In vivo on male New Zealand
white rabbits

The antibacterial property of Ag-containing BG,
without cytotoxicity, containing 0.02 wt% Ag, had
good antibacterial properties against E. coli, with an
antibacterial rate reaching 75% in 1 h and 99% in 12 h;
The Ag-containing BG effectively promoted blood
clotting and achieved hemorrhage control in the
animal model.

(50]

BG having (80-x)Si0,-15CaO-
5P2 05 -XTaz 05

Powder

Sol-gel

In vivo on male
Yorkshire porcine

The Ta-doped BG outperforms the commercial
hemostat Arista™ in the severe hemorrhage model;
Despite the lower fibrinogen levels, the obtained
Ta-BG powders could stop bleeding within 10 min of
their application.

(51]

BG having (80-x)%
Si02-15CaO-5% PZ 05 -XGaz 03

Particles

Sol-Gel

In vitro on platelets, E. coli or
S. aureus

The lowest Ga-substituted BG sample presented
improved hemostatic performance, high
degradability, high cytocompatibility, and
antibacterial activity against both E. coli and S. aureus.

(52]

BG having (58 wt%% SiOy, 33
wt% CaO and 9 wt% P,Os)

Particles
BG/chitosan/silk
fibroin scaffolds

In vitro on NIH 3T3
fibroblast cells
In vivo on SD rats

In the case of in vitro tests, the composite scaffolds
could significantly promote the migration of

NIH 3T3 cells;

The porous structure of the scaffold provided a
favorable moist microenvironment for

cell proliferation;

The alignment of collagen fibers was regular and
uniform when using the scaffold and neovessels were
formed in the granulation tissue.

(53]
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Table 1. Cont.

BG Composition

Form

Obtaining Method

Experimental Conditions

Outcomes of the Study

Ref.

BG

Nanoparticles
Nanoparticles into
gelatin matrix

Sol-Gel

In vitro on 1929 fibroblast cells

In vivo on female
adult Balb/c mice

In vitro tests on fibroblasts suggested that the
obtained gels were highly biocompatible;

The treated groups had a faster epidermal thickening,
granulation tissue forming, collagen fiber growth, and
hair follicles forming when treated with

BG-based gels.

[54]

BG having (Cug gx)

(Cag25-0.0x)P0-05510.75,
x=0,2,

Cu-containing BG
nanocoatings on
eggshell membrane

Sol-gel

In vitro on E. coli and HUVECs

In vivo on C57/BL6 mice

The prepared films distinctly enhanced
angiogenesis-related gene expression as well as VEGF
and HIF-1e protein secretion of HUVECs;

The wound-healing quality was enhanced by the BG
nanocomposite films, as indicated by the improved

in vivo angiogenesis rate and the

formed neoepidermis.

(44]

4555

Powder

Powders + carboxymethyl
chitosan + chitosan
oligosaccharide hydrogel
wound dressing

In vitro on HDFs, RAW264.7
cells, S. aureus and E. coli
In vitro on SD rats

The addition of BG could greatly improve the
bioactivity of hydrogel by regulating host
inflammatory response, stimulating migration and
proliferation of endothelial cells and fibroblasts, and
enhancing vascularization and granulation formation;
The animal studies further proved that the wounds
treated with hydrogels had a high ratio of

M2 /total macrophages;

BG-activated macrophages could secrete various
kinds of cytokines to affect repairing cells through
paracrine effects, including VEGF, TGF-f31, TNF-«,
IL-10, etc.

[55]

BG having SiO,-CaO

Particles

Dry-mixing and the
wet granulation

In vitro test of blood
coagulation
In vivo on rabbits

Granulation stabilized the capillary structure and
increased the density and flowability of the particles;
Granules absorbed water in plasma, concentrated
platelets, and red blood cells quickly and
consequently reduced the bleeding time of the
rabbit’s wound.

[56]

BG having SiOQ, Ca3 (PO4)2,
CaCO3, NazCO3, K2C03 and
MgCQs, SrCO3, ZnO

BG doped with Mg, Sr, and
Zn incorporated into
poly(e-caprolactone)

fibers (PCL)

Melt-quenching
Electrospinning

In vitro on bone murine
stromal cells ST-2, mouse
embryonic fibroblast cells
(NIH 3T3)

Both bioactivity and cell viability on composite fibers
were higher compared to those of neat PCL
electrospun mats, even though the amount of added
BG was relatively low (5% wt with respect to PCL);
The incorporation of BGs, in particular, achieved
enhanced cell viability, preserving the

mechanical properties.

(57]
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Table 1. Cont.
BG Composition Form Obtaining Method Experimental Conditions Outcomes of the Study Ref.
The in vitro tests demonstrated that the hydrogels
have excellent cell compatibility, and the hydrogels
could support cell adhesion;
: sy ra - . In vitro on mouse fibroblast The incorporation of Ce-BG into the Ge]MA hydrogel
BG having 75510 5P295 (15 Ce-BG nanoparticles _ L929, HUVECs, E. coli endowed the composite hydrogel with bioactivity of
m)CaO-mCeO, in mol% Ce-BG/GelMA Sol-gel and . aureus . . . [58]
(m=0,2o0r5) composite hydrogels R D angiogenic enhancement by promoting HUVECs
n vivo on 5D rats migration and tube formation;
Moreover, hydrogels have antibacterial activity
against E. coli and S. aureus and could enhance wound
healing speed and reconstruct the skin tissue.
ini The BG-containi ffolds h: d
4555 Scaffolds containing 4555 Salt leaching In vitro on Stromal ST2 cell y G s e 829 [59]

and Cu-doped 45S5 BGs

biocompatibility and VEGEF release from the ST2 cells.
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BGs can modify inflammatory responses which occur during wound healing by
polarizing macrophages toward the M2 phenotype [13].

In order to increase neo-vascularization, BGs can also stimulate the gap junction of
human umbilical vein endothelial cells (HUVECs) for 7 days in in vitro settings and induce
the production of angiogenic genes in these cells [47]. In vitro, the culture media containing
BG 1/64, BG 1/128, and BG 1/256 significantly elevated bFGF, bFGFR, VEGF, and KDR
gene expression in HUVECs at 1 day in culture, when compared to endothelial cell medium.
The expression of these growth factors and receptors was unaffected by both the highest
concentration, BG 1/32, and the lowest one. The stimulatory effects of BG ion extracts
on growth factors and receptors were still present after 7 days of culture even if their
expression, particularly that of VEGF and KDR, had diminished [48].

To investigate the effects on keratinocytes, ionic extracts from 585 BGs were employed
as a model. To examine the BGs effects on barrier restoration, diabetic rats with full-
thickness cutaneous wounds were treated with them. Because soluble ions such as Si,
Ca, and P stimulate numerous signal transduction pathways in various cells, improving
re-epithelization and restoring the natural barrier function, BGs particles were able to alter
the behaviors of keratinocytes that operate as barriers [14].

By lowering the inflammatory response and driving macrophages to convert their
phenotype towards M2 extreme, 4555 BG was able to stimulate the wound closure in rats
after a complete thickness excision of skin. As a result, one of the mechanisms through
which BG promotes wound healing may be through modulating inflammatory responses
to wound healing and enhancing the paracrine interactions between macrophages and
repairing cells [12].

By extending the window of opportunity for the injured to be brought to a competent
medical facility, control of severe hemorrhages could reduce the fatality rate in extreme
settings, such as the battlefield, natural disasters, and accident sites. In these situations,
simple wound dressings are frequently insufficient to heal patients, and innovative bio-
material solutions have been developed. The intrinsic pathway, which is started by the
activation of factor XII (FXII), is generally what causes BGs to positively affect coagulation.
The activation of FXII by negatively charged surfaces, such as those given by BGs, can
enhance the innate coagulation cascade and thus also hemostasis [49,56]. Mesoporous BGs
have a large surface area because mesopores are present in their structure, which helps
absorb the blood’s fluid component and draw clotting components close by [60]. As a
result, the coagulation process starts. Mesopores (found inside the structure of the glass)
and gaps between the glass particles produce capillary action, which aids in absorbing the
blood’s fluid component [56]. The greater surface area of mesoporous BGs reveals more
5i-OH groups, resulting in more negatively charged surfaces. Due to the presence of silanol
groups, BGs exhibit negatively charged surfaces, which activate FXII. Furthermore, protein
adsorption at the surfaces of the biomaterials starts biological processes; this process is
reliant on the topography and chemistry of the surface [61]. In addition, due to the fact
that Ca? * ions can shorten the time for blood to clot, BGs alone can be utilized to manage
severe hemorrhages [42]. More specifically, mesoporous BGs have a shorter clotting time
than dense BGs, owing to the blood capillary adsorption inside the pores [50].

BGs with Trace/Doping Elements

Recent research has shown that adding trace elements such as Ti, Sr, Ta, Ga, and Ce
to the matrix of mesoporous BGs and surface-modifying them with certain polymers can
enhance their biological behavior.

A BG system, doped with Sr, encouraged early angiogenesis by controlling macrophage
polarization to the M2 phenotypes. HUVEC's ability to produce angiogenesis was improved
by a macrophage/Sr-BGs culture in conditioned media, and in vivo research indicated that
Sr-doped BGs promoted early vascularization [62].

In vivo studies have demonstrated that wound healing cascade works faster when
hypoxia mimicking drugs are used [63]. Co is a well-known agent which mimics hypoxia
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because it activates the hypoxia-inducible factor (HIF) pathway by stabilizing HIF-1 at
ambient oxygen levels. Prolyl hydroxylase domain enzymes hydroxylate HIF-1 in normal
oxygen conditions, where it is constitutively produced and continuously destroyed by
proteasomes [64]. In hypoxic conditions or in the presence of a substance which mimics
hypoxia, such as Co, the stabilization of HIF-1 promotes the formation of the HIF complex,
which is translocated to the nucleus, and causes an increase in the expression of the genes
involved in the adaptation to hypoxia. Owing to the fact that BGs (having the composition
of 50 mol% SiO;, 24 mol% Na,O, 24 mol% MgO, and 2 mol% CoO) and their electrospun
composites and have been used to stimulate angiogenesis, these materials may be useful in
applications for wound healing [65].

Comparison research showed that a mesoporous BG containing 1% GayO3 accelerates
hemostasis in vitro more effectively than CeloxTM (CX) and ACS+, two commercially
available hemostats, since it may considerably increase the intrinsic pathway’s activa-
tion, thrombus formation, and thrombin generation. Further evidence of the superior
hemostatic activity was provided by the observation of larger platelet aggregates and a
more widespread platelet pseudopodia in comparison to CX and ACS+. The polar silica
framework and Ca?* ions in the matrix of the 1%Ga-MBG, as well as its large specific
surface area, were thought to be responsible for the platelet adherence and activity on its
surface [59]. The results of this study demonstrated that the number of adherent platelets
on the hemostatic materials surfaces increased in number with the incubation time of up
to 60 min. After 60 min of incubation, the number of adhering platelets to the surfaces of
19%Ga-MBG and CX increased, whereas the number of adherent platelets to the surface of
ACS+ was not that high. Although there was no discernible difference in the quantity of
adherent platelets between the 1%Ga-MBG and CX, the platelets attached to the BG were
more active than in the case of CX, as seen by the lengthy pseudopodia presence [59].

Ta-containing mesoporous BGs were recently reported [51]. When compared to no
treatment, Arista™, or mesoporous BGs without Ta, a substantial reduction in bleeding
time (50% of average bleeding time) was seen in a mouse tail-cut model.

In another study, different compositions of Ta-containing mesoporous BGs powders
were tested using a porcine fatal liver injury model [66]. A class IV bleeding state was
induced in animal subjects. Within 10 min of application, the Ta-BGs were able to halt
the bleeding, whereas the bleeding continued for up to 45 min without any intervention
or in the presence of a commercial agent, Arista™. The blood clots demonstrated that
Ta-BGs presence had no effect on clot shape. Instead, the links between Ta-BGs powders
and the blood clots fibrin threads suggested that the surfaces of the powders are engulfing
the fibrin. A histopathological study of the liver tissue revealed that 5Ta was the only
formulation that, when applied, reduced the amount of parenchymal bleeding and necrosis
in the tissue. In worst-case scenario hemorrhage, when there was no adherent clot visible
prior to the application of the powder, the same formulation was also able to create an
adherent clot [66].

Another research was focused on developing and evaluating the hemostatic appli-
cation and their antihemorrhagic effect of Ga-containing mesoporous BGs (Ga-MBGs),
in comparison with a Ga-free MBG [52]. In a series of MBGs containing three different
concentrations of Ga;Os (1, 2, and 3 mol%), in vitro hemostatic activity, biocompatibility
and antibacterial activity against E. coli and S. aureus were investigated. The findings
showed that a key factor influencing hemostatic events was the ratio or concentration of
Ga0O3 in MBG. The advantages of Ga;O3 were nullified at higher concentrations (3 mol%),
but the 1% Ga-MBG increased intrinsic coagulation cascade, thrombus development, and
platelet adhesion relative to MBG. As a result, the sample with the lowest Ga-MBG had
better hemostatic effectiveness, high degradability, high cytocompatibility, and antibacterial
activity against both strains [52].
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BG Composites

Additionally, some BGs antibacterial properties can lower the risk of infection during
the healing of chronic wounds. However, when used alone, BGs have drawbacks, including
the inability to maintain moist conditions and bioadhesive strength for efficient wound
treatment. Therefore, the combination of BGs with different alleviating substances is
anticipated to be more successful than BGs used alone in applications for wound healing.

On this matter, Li et al. fabricated scaffolds made of BG, chitosan, and silk fibroin for
the regeneration of severe burn wounds [53]. The three substances were applied as follows:
chitosan was utilized to encourage the adsorption and enrichment of growth factors, silk
fibroin to create a three-dimensional (3D) porous structure and mechanical support, and
the BG to stimulate angiogenesis. Their findings demonstrated that BGs were essential for
promoting the development and maturation of new blood vessels, which can greatly speed
up tissue healing. Wang et al. created “easy-to-use” BGs/gelatin nanocomposite hydrogels,
which were able to quickly regenerate cutaneous tissue and construct tissue structures in
living organisms within 7 days [54]. Cu-BGN/eggshell nanocomposite membranes have
revealed efficacy in wound healing [44]. Cu-BGN could promote proangiogenesis when
added in the right quantities by increasing the secretion of proteins and gene expression [44].
Moreover, the addition of Cu-BGN reduced the development of bacteria. In addition, the
in vivo tests demonstrated enhanced wound healing and the production of continuous
and homogeneous epidermal layers. In another study, a borosilicate BG-incorporated
sodium alginate (SA) wound dressing was synthesized [55]. The results show that the
SA-borosilicate BG composite dressing had a good water absorption performance, which
is of use for wound healing. In full-thickness skin defects in rats, the SA-borosilicate BG
wound dressing demonstrated an excellent capability to treat wounds. On day 15, the
SA-borosilicate BG dressing group-treated lesions were nearly healed. When the ratio of
SA to BG in the sponge is 3:1, the wound healing effect was remarkably increased. In
a recent work, BG was incorporated into alginate /carboxymethyl chitosan (SA/CMCS)
hydrogel wound dressing. The incorporation of BGs led to better antibacterial, bioactivity
and coagulation properties, as compared with hydrogels without BGs. By regulating the
host inflammatory reactions, promoting angiogenesis, and improving collagen deposition
at wound sites, the hydrogels could hasten the healing of skin wounds.

Co-doped borate BG/ poly(lactic-co-glycolic acid) dressing supplied with vitamin E
(0-3.0 wt%) was investigated by Hu et al. for its effectiveness in promoting wound heal-
ing [48]. The in vitro data made clear that the dressings” ions promoted tubule development,
migration, and VEGF secretion in HUVECs and fibroblasts. Furthermore, in vivo experi-
ments revealed a considerable improvement in the epithelialization of wound closure and a
significant increase in vessel sprouting and collagen remodeling. The use of this composite
biomaterial as a wound dressing could actually be promising for accelerating the healing
and reconstruction of full-thickness skin defects.

Due to its function in the movement of immune cells, the transport of proteins, and the
preservation of tissue homeostasis, the lymphatic system is essential in the case of tissue
regeneration. Techniques that promote lymphangiogenesis might be viewed as cutting-
edge treatments for tissue regeneration and repair, particularly in the treatment of chronic
wounds. In this respect, Xie et al. dedicated their work on the effects of Ce-containing
mesoporous BG nanoparticles (Ce-MBGNs) on lymphangiogenesis, in vitro [67]. Their
results showed that extracts of Ce-MBGN:ss (1, 5, or 10 wt/v% in DMEM) were non-cytotoxic
and could promote the proliferation of lymphatic endothelial cells (LECs) in comparison to
the blank control and the media containing VEGF-C [67].

PCL and PCL/BG composite fiber mats were synthesized by Sergi at al. [57]. To im-
prove the biological responses to the fiber mats, BGs of various compositions were embed-
ded into a PCL matrix. The presence of BG did not inhibit cell viability, which was higher
(for 4555 and BGMS10) or comparable (for BGMS_2Zn) with respect to neat PCL fibers.
After the performed scratch test, the PCL/BG mats displayed a higher wound-healing rate
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as compared to neat PCL. The incorporation of BGs and, in particular, the amalgamation of
BGMS10 achieved boosted cell viability while preserving the mechanical properties.

An effective dressing was designed by Chen at. al with the purpose of promoting
revascularization and having an antibacterial effect [58]. The authors prepared a multi-
functional injectable composite hydrogel by incorporating the Ce-containing BGs (Ce-BG)
into gelatin methacryloyl (GelMA) hydrogel. The Ce-BG/GelMA hydrogels enhanced
endothelial cell motility and tube formation by releasing Si ion and had good cytocom-
patibility. The 5 mol% CeO,-BG/GelMA hydrogel showed good antibacterial capabilities
in in vitro antibacterial testing. The in vivo investigation showed that through promoting
the growth of granulation tissue, collagen deposition, and angiogenesis, the 5/G hydrogel
could dramatically enhance wound healing in diabetic rats.

In another study, PHAs were mixed with Co-doped 4555 BG to induce antibacterial
and angiogenic properties. Using the generated composite, scaffolds were created. It was
discovered that the dissolution products produced from the BG-PHA scaffolds have a
dose-dependent effect by performing indirect cell biology experiments utilizing stromal
cells. By performing indirect cell biology tests using stromal cells, a dose-depending effect
of the dissolution products released from the BG-PHA scaffolds was found. No harmful
effect was seen at low concentrations. In contrast, greater concentrations resulted in a
significant increase in VEGF release along with a small drop in cell survival. Cells grown
on scaffolds made of plain PHA and 1%-CCM BG-PHA displayed their distinct phenotypic
morphologies and adhered to the well plate. This suggests that the shape of ST2 cells grown
in contact with the dissolution products of PHA scaffolds containing BG in concentrations
below 10% is unaffected. However, cell growth and adherence were relatively poor when
grown in 10%-CCM of all scaffolds [59].

3.2. BGs in Bone Regeneration

BGs are nowadays largely used in various fields of regenerative medicine, especially
for the healing of hard tissues such as bones and teeth, as they can bind directly with
bone [68]. This is possible due to their biocompatibility, bioactivity, degradability, cell via-
bility, reduced cytotoxicity, antimicrobial activity, osteogenesis, and angiogenesis properties
(Figure 3). The amount/concentration of silicate in BGs affects how biocompatible they
are [69]. In order to find the most promising BGs to be used as potential bone replacements
and for hard tissue regeneration and, more recently, in the treatment of infections, various
aspects regarding their cytotoxicity, osteogenesis, and angiogenesis have been investigated.
In particular, it was found that the ions present in BGs compositions mediate how the major
proteins implicated in the process of forming new bone react [1]. The surface bioreactivity
of BGs is responsible for the strong bonding with the surrounding tissue, which provides
osteoconductive properties.

A schematic figure of the surface reaction stages experienced by BGs in hard tissue
healing is given in Figure 4.

Basically, after the implantation, the BG is exposed to body fluids, and different surface
reactions occur which ensure the creation of a deposit of a calcium phosphate layer [70].
A discharge from the BG surface of sodium, silica, calcium, and phosphate ions elevates
the local pH and osmotic pressure; subsequently, a layer of silica gel covers the glass
surface; thereafter, amorphous calcium phosphates precipitate on it [71]. These amorphous
aggregates appear to trigger osteoblasts necessary for the formation of new bone upon
crystallization into a hydroxyapatite-like form [1]. The glass can be absorbed as a result of
the ongoing processes that take place on its surface and layer. Additionally, these surface
interactions give the glass the ability to promote angiogenesis. The mechanism outlined
above is based on two distinct steps: (i) the degradation of the BGs; and (ii) the release of
ions from the BG. These techniques can be translated into graft-bone bonding. Depending
on their composition, the BGs can disintegrate at a rate that might take anywhere from a
few hours to several months [1].
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It has been thoroughly demonstrated that specific BG compositions generate surface
hydroxy-carbonate apatite (HCA) when in contact with biological fluids, which enhances
their attachment to mineralized tissues, with minimal inflammation and toxicity for the
host [16]. The interfacial HCA layer forms at a pace that has a high structural and chemical
similarity to that of the mineral phase of bone [72]. The bioactivity of BGs is appropriate
for applications in bone tissue regeneration as the formation of HA represents the marker
which characterizes material-bone strong bonding.

Unfortunately, BGs have poor mechanical strength and fracture toughness despite
having excellent bioactive characteristics. Therefore, their use is often limited to non-load-
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bearing applications. Smart approaches, such as the development of novel production
techniques (such as additive manufacturing), laser deposition for obtaining thin films, or
the mixing with polymeric phases to make composites, provide a partial resolution of these
issues. The next section will provide a picture of BG thin films for hard tissue healing.

BG Thin Films

The surface quality—in particular, the surface topography and the used material—influences
bone healing and regeneration. Now, the majority of implantable materials are Ti alloys,
stainless steel (SS), or Co-Cr alloy. The physiologically active surface that either promotes
osteointegration or prevents infection is typically absent from these metals. Thus, efforts
have been concentrated on creating different coatings to enhance the functionality of exist-
ing implants [73]. These coatings’ construction must meet a number of crucial requirements:
first, the coating must be biocompatible and not cause any immune or foreign body reac-
tion; second, it must be osseoconductive in order to encourage osteoblasts to adhere to,
proliferate, and grow on the surface in order to form a bone-implant linkage [73].

As mentioned in the previous sections, when BGs are used to coat metallic implants,
a hydroxyapatite-like phase can form at the site where the implant meets the host tissue,
aiding in the implant’s better integration [74]. BGs of excellent bioactivity have been used
by our group onto less biocompatible or bioinert materials (such as titanium or steel) in
the form of coatings [75-78]. Our studies evidenced a transformation of BG into CHA in
28 days for BG57 (56.50/0 SiOz, 15% CaO, 11% NaZO, 8.5% MgO, 6% P205, and 3% KzO) or
in 42 days in the case of BG61 (61.1 wt% SiO,, 10.3 wt% Na,0O, 2.8 wt% K0, 12.6 wt% CaO,
7.2 wt% MgO, and 6 wt% P,0Os) after immersion in SBF [75-78].

One of the risks associated with the insertion of an implant into the human organism
is the one represented by microbial infections. One effective way in fighting biofilm-
associated infections is to prevent the adhesion and/or delay the growth of colonizing
microorganisms via implant coating with bioactive films releasing antimicrobial drugs.
Our group explored an innovative concept for implants coating based upon double layers
of BG and antimicrobial plants extract/polymer deposited by Matrix Assisted Pulsed Laser
Evaporation (MAPLE) onto different substrates. The BG dissolution resulted in the growth
of a bioapatite layer with anti-corrosive protection of the substrate. Our layers proved
bioactive action, antimicrobial effect, and strong shielding against metal ions release. Thin
films of BG-PMMA-Doxycycline (Doxy) were deposited onto 316 L SS substrates by means
of MAPLE technique [79]. When in contact with simulated body fluids (SBF), the composite
films demonstrated the ability to stimulate the progress of biological-like HA on their
surface, validating the film bioactivity. A prolonged release of active Doxy molecules
occurs together with the BG dissolution in SBF, which is beneficial for preventing local
infections. Four weeks after the sample’s immersion in SBF, apatite layers begin to form
on the surface; the apatite layer together with the polymer provide excellent protection
against deterioration and the release of dangerous metallic ions (Cr, Ni, Cu). The struc-
tures were highly biocompatible and resistant to microbial colonization, stronger against
E. coli than the S. aureus, and induce a significant delay in the microbial biofilm initiation
and further development [76]. The development of the CHA layer indicated the ability
of BG+CIPRO/PMMA to bind to bone tissue. The coating successfully inhibited Gram-
negative bacterial growth while having no detrimental effects on MC3T3-E1 osteoblasts,
making it an excellent candidate for the creation of effective implant surfaces. The bioac-
tivity of the BG+CIPRO/PMMA coating is encouraging, and it might have uses in tissue
engineering and bone healing. When a quick bone-biomaterial interface is required in bone
surgery, it provides more options for adapting to the bone metabolic activities [75].

The choice of antibiotic, application form, and administration time remains an issue in
implantology. The need for new and competent antibiotics is in contrast to their toxicity
when applied systemically. Plant products have the fewest side effects and are therefore
largely explored for their capacity to prevent biofilm formation and/or eradicate it [80].
Long-time release of natural (Ayurvedic extracts) or synthetic antibiotics embedded in the
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structure will ensure the healing and vital antimicrobial protection at the implantation
site [75,76,79]. Furthermore, we explored an innovative concept of thin films for implants
based upon double layers of BG and antimicrobial Ayurvedic plants extract/polymer
deposited by MAPLE onto SS (implant like) substrate.

Neem, Azadirachta indica, was chosen due to the extracts” antibacterial activity against
the most common pathogens causing osseous or dental infections, S. aureus and E. coli [78].
The primary accomplishment of this innovative idea is the antimicrobial action brought on
by the use of a natural plant extract from Ayurveda medicine, which has a longer release
and no negative consequences. The created layers had multiple uses and were shown to
have bioactive and antibacterial properties, and a strong ability to block the leakage of
metal ions into body fluids, from the SS substrates.

4. Concluding Remarks and Future Directions

More studies including innovative chemical compositions and morphologies of BGs,
particularly mesoporous BGs, are necessary to achieve optimal rates of tissue regeneration
and wound healing due to the growing need for improved and efficient materials to be
used in tissue healing. Research in this field is likely to increase in future years, with
BGs representing a valid alternative and an universal material as a consequence of their
stimulating activity on the multitude of routes involved in tissue repair while providing a
biomechanically and bioactively attractive delivery system. Moreover, the development of
multifunctional materials (e.g., scaffolds, hydrogels, mats) based on BGs could enhance
wound healing speed and reconstruct the skin tissue, alongside with their antibacterial
and angiogenic functions. This can be of great significance to promote the repair, e.g., of
diabetic wounds.

Improving the performance of bulk materials, such as metals and metal alloys from
which different implantable devices are made, requires surface modification of the materials.
Surface modification is mostly used in the biomedical sector to improve the material’s bioac-
tivity, biocompatibility, and mechanical stability. For the three main purposes mentioned
above in the human body, various types of BG coatings have been used. There are, however,
some concerns related to the clinical use of BGs in hard tissues healing [81,82]. The first
one is related to the glass dissolution products which may or may not have a positive effect
on adult stem cells [83]. The second one is that sole BGs proved to be inadequate when
utilized for the treatment of load-bearing bone defects. This drawback is connected with
the low tensile strength and fracture toughness exhibited by BGs [84]. Last but not least,
the market does not yet offer large-scale porous BGs; accordingly, the commercial success
of BGs as scaffolds is reduced [81,85].
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